A combined theoretical and experimental analysis of thermoacoustic interaction mechanisms of a lean premixed swirl-stabilized gas turbine burner is presented. A full-scale gas turbine burner has been tested in an atmospheric test rig. The test facility was equipped with loudspeakers to excite the acoustic field and with arrays of microphones to measure the response of the acoustic field to the forcing signal. With this set-up transfer matrices relating the acoustic pressure and velocity on both sides of the flame front have been measured. A laser absorption measurement technique allowed for measurement of the fluctuations of fuel concentration in the mixture. Heat release fluctuations were monitored using a photo-multiplier. The measurement of the acoustic field, heat release and equivalence ratio fluctuations have been measured simultaneously. Special attention has been given to the role of fuel concentration fluctuations in the thermoacoustic interaction mechanism. In order to be able to clearly separate this mechanism from other possible mechanisms, all the experiments have been performed in pre-premixing mode as well. In pre-premixing mode the fuel is injected far upstream of the burner in order to avoid fuel concentration fluctuations at the burner location. This is in contrast with premixing mode where fuel and air are mixed in the burner. An acoustic flame model has been derived. The model includes the well-known interaction mechanism of equiv- * Address all correspondence to this author (email: bruno.schuermans@power.alstom.com) alence ratio fluctuations but also includes a novel mechanism that is caused by fluctuations of vorticity. This latter mechanism relates the turbulent flame speed via turbulence intensity fluctuations to the acoustic field. The idea is that periodic acoustic fluctuations cause periodic changes of the turbulence intensity. The turbulence intensity strongly affects the turbulence flame speed. The fluctuations of the turbulent flame speed result in fluctuations of the heat release. This turbulence intensity fluctuation model has been compared with the measured pre-premix transfer functions and shows an excellent agreement. The measured transfer functions in premix mode have been compared with the model that includes fluctuations of fuel concentration and turbulence intensity. Also in this case a very good agreement is found. Moreover, it has been demonstrated that the phase relation between measured equivalence ratio fluctuation and heat release corresponds to the model.
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INTRODUCTION
Modern design of low emission combustors is characterized by swirling air in the combustor's dome coupled with distributed fuel injection to maximize mixing. This design results in efficient combustion with extremely low emissions. The ALSTOM EV burner has the unique property of flame stabilization in free space near the burner outlet utilizing the sudden breakdown of a swirling flow, called vortex breakdown. The swirler is of exceptionally sim-ple design, consisting of two halves of a cone, which are shifted to form two air slots of constant width [1] . Gaseous fuels are injected into the combustion air by means of fuel distribution tubes comprises of two rows of small holes perpendicular to the inlet ports of the swirler. Complete mixing of fuel and air is obtained shortly after injection.
The characteristics of combustion stabilization by vortex breakdown are controlled by the flow dynamics associated with this particular flow phenomenon. Vortex breakdown is defined as a flow instability that is characterized by the formation of an internal stagnation point on the vortex axis, followed by reversed flow. Upstream of the vortex breakdown location, the velocity profile is highly jetlike with a peak velocity almost three times greater than the mean velocity. Very close to the downstream of the breakdown, the flow in the core may completely stagnate and then change to a wake-like flow. Downstream of the breakdown turbulence increases, axial velocities are substantially lower and reverse flow is possible.
It is clear that it is very difficult to model the thermoacoustic interaction mechanisms in a flame stabilized by such a mechanism. Nevertheless, it will be demonstrated here that surprisingly simple models suffice to describe the thermoacoustic behavior of the flame. However, some of the parameters in these models need experimental input. This input is obtained by fitting to measured data.
EXPERIMENTAL SETUP 2.1 Atmospheric Combustion Facility
Detector Photo Multiplier The atmospheric combustion facility is shown in Fig. 1 . The test rig consists of a plenum chamber upstream of a swirl-inducing burner and a combustion chamber downstream of the burner. The plenum chamber contains perforated plates to reduce the turbulence level of the flow.
The plenum chamber has windows to provide full visual access to the burner. The circular combustion chamber consists of either an air cooled double wall metal liner or of an air cooled double wall quartz glass to provide full visual access to the flame. The exhaust system is an aircooled tube with the same cross-section as the combustion chamber to avoid acoustic reflections at area discontinuities. The acoustic boundary conditions of the exhaust system can be adjusted from almost anechoic (reflection coefficient |r| < 0.15) to open end reflection. Fuel and air are generally mixed in the burner, this is referred to as "premixing mode". In order to avoid equivalence ratio fluctuations, the test facility can be operated in "pre-premixing mode" as well. In this mode, the fuel is mixed with the air in the air supply tube shown in Fig. 1 . Because of the large distance between the air supply tube and the burner, this set-up ensures sufficient dispersion to avoid equivalence ratio fluctuations at the burner location.
Acoustic Measurement Set-up
Pressure fluctuations were measured using Brüel & Kjaer water-cooled microphones. The water-cooled 1/4" condenser microphones were flush-mounted on the walls of the plenum chamber and combustion chamber. The holders consisted of a small orifice (d = 0.5 mm) open to the combustion chamber. The microphone diaphragm was placed in a small cavity and was protected from heat radiation. The resonance frequency of the holder was larger than f res > 20 kHz. Using condenser microphones rather than piezoelectric pressure probes gave the advantage of highly accurate phase and amplitude data, which is necessary for acoustic measurements. The frequency response of the microphones in probe holders were compared against standard B&K microphones and showed good agreement. A total of nine axially distributed microphones have been used: four in the plenum chamber and five in the combustion chamber. Controlled excitation of the acoustic field was accomplished by a circumferential array of four loudspeakers equally spaced in polar angles. One set of loudspeakers was placed in the plenum chamber at a distance x/D = 4.2 upstream of the dump plane and the second at x/D = 6.8 downstream of the dump plane.
The operating conditions of the burner have been maintained by analyzing the exhaust gas composition using a physical gas analysis system. CO and CO 2 have been analyzed by using non-dispersive infrared spectroscopy. The nitric oxides NO and NO 2 , combined in NO x , have been detected with a chemiluminescence analyzer. The detection of the remaining O 2 in the exhaust gas was made utilizing the paramagnetic properties of oxygen in the analyzing device. Carbon and oxygen balances were continuously computed and agreement within 0.2% was assured.
Laser Diagnostics
The fuel concentration fluctuations are measured by an infrared laser absorption experiments similar to that described by Lee and Anderson [2] . The coincidence of the 3.39 µm line of the He-Ne Laser with the CH-Stretch vibration of the alkanes enables a sensitive and fast detection of fuel molecules concentrations and their fluctuations. The IR-Laser (Research Electro Optics) is guided through the quartz windows of the combustor plenum through small holes (6 mm) in the burner shell at ca. 1/3 of fuel injection onto a thermo-electrically cooled infrared detector (VIGO systems). In normal burner operation the signal is attenuated by over 95% by absorption of fuel molecules according to the Lambert Beer law: I IR /I IR,0 ∝ e −y f , where I IR is the transmitted infrared intensity and I IR,0 is the incident light intensity). A change in infrared signal on the detector is therefore proportional to a change in fuel concentration. Although quantitative concentration measurement is difficult with this system, the fast response of the detector allows to detect fluctuations in the fuel concentration. The difficulty arose because the intensity of the laser was slightly changing over time. The time scales between the laser intensity fluctuations (in the order of 10 seconds) and the acoustic fluctuations (in the order of 10 milliseconds) are sufficiently well separated to analyze the signal in the frequency range of interest.
Heat Release Measurement
A photo multiplier (PM) with convex lens and a UV filter (UG11) is used to detect heat release fluctuations of the flame by the signature of the chemiluminescence of the OH molecule. The signal from the PM has shown to depend linearly on the adiabatic flame temperature as is shown in Fig. 2 . The temperature offset of the regression line in this figure has a value that is close to the blowoff temperature. The signal from the photo multiplier I(t) can be related to the heat release (Q) as I ∝ Q − Q 0 , with Q 0 the extrapolated heat release at the burner blow off. It should be noted that in this experiment only the equivalence ratio has been varied (the mass flow of air, the pressure and the inlet air temperature have been kept constant). The heat release flux does not only depend on equivalence ratio, but is given (for a combustion efficiency of 100%) by the following expression: were,ṁ fuel andṁ air are the mass fluxes of fuel and air,φ the equivalence ratio, H fuel the chemical enthalpy of the fuel, S f the burning velocity and A f the flame surface area. Note that the definition of S f and A f is somewhat arbitrary, however, the following condition should be fulfilled:
Experimental studies have shown that the dependence of OH-Chemiluminescence on mass flux and equivalence ratio is not the same as shown in Eq.1. In [3] , the following experimental correlation is reported for the chemiluminescence:
with α = 5.23 and β = −0.86. It should be noted that the experiments have been performed in a range of operating conditions that did not cover the range of our experiments. Nevertheless, the correlation suggests that care should be taken when interpreting chemiluminescence intensity as a measure for the heat release. Since this work deals with acoustic phenomena only small perturbation of the flow conditions are considered, which justifies a linearization of Eqns. 1 and 2 (a prime denotes a perturbation and an over-bar signifies the mean quantity):
where γ is the ratio of specific heats. Basic acoustic analysis shows that the maximum amplitude of oscillation of pressure is related to the maximum amplitude of velocity by:û =p ρc . Thus, the ratio of relative pressure fluctuations to relative velocity fluctuations is given by:ū ρc p = M , where M is the Mach number. For the Mach number range of our experiment, the relative pressure fluctuations are one to two orders of magnitude smaller than the relative velocity fluctuations, which indicates that the pressure fluctuations can be neglected in Eqns. 3. The analysis shows that the influence of equivalence ratio fluctuations on heat release will be over-predicted by a factor α when considering the OH-chemiluminescence intensity as a measure for heat release. In this work, special attention is given to the phase relation between heat release and equivalence ratio fluctuations, which is not affected by this factor.
The heat release has also been monitored using a intensified camera. A 310 nm band pass filter (width 10 nm) has been used to capture OH* chemiluminescence. The camera was triggered by one of the microphone signals. In this way, phase-locked images of the heat release have been recorded. In Fig. 3 microphone signal are plotted together with the spectral densities of the measured "heat release" (intensity of photo multiplier) and measured "fuel mass fraction fluctuations" (intensity of infrared detector). Note that the frequency (f q) on the horizontal axis is expressed as a Strouhal number (Sr = f q D/ū), in which D is the burner exit diameter and u is the is the average velocity in the burner exit. The reason for using a Strouhal number to represent frequency is that (as will be discussed later) the flame transfer function depends on the product of frequency (fq) and convective time delay (τ ). The convective delay time is of order (D/ū), thus the transfer function dependency on frequency is made non-dimensional by fq D/ū, which is the Strouhal number. The scaling of the vertical axis is arbitrary. The left plot represents the burner in premixing mode. This plot shows a dominant mode at about Sr = 0.7 for all three signals. In pre-premixing mode the fuel concentration fluctuations are assumed to vanish. This corresponds to what has been measured as shown in the right plot of Fig. 3 . The microphone signal and the heat release signal are also reduced (but not as strong as the fuel concentration signal), however this is not a general trend.
TRANSFER MATRIX MEASUREMENT
The transfer matrix of an acoustic system gives the dynamic relation between the acoustic fields on both sides of the system. Because of a complex interaction between several physical processes, the thermoacoustic dynamics of a swirl-stabilized flame can be very difficult to model accurately. Experimentally obtained transfer matrices are crucial to validate acoustic flame models. Besides validation, the measured transfer functions can give more physical insight to the interactions occurring in the flame. A measured transfer function may also be used directly in an acoustic network, treating the flame element as a "black box". The idea of experimentally determining the coefficients of an acoustic system represented as a black box with two inputs, two outputs and two source terms dates back to the nineteen seventies. Cremer [4] realized that the two port (four pole) representation of systems as used in communication theory applies equally well to acoustic systems. Bodén, Lavrentjev and Abom [5, 6, 7, 8] applied this technique extensively for several applications. The idea of using this method to obtain acoustic transfer matrices of combustion processes originates from Paschereit and Polifke [9, 10] . This technique is now well established, and proved to be the key experimental tool in thermoacoustic analysis.
In this context, the transfer matrix T of an acoustic element will be defined as:
wherep is the acoustic pressure normalised by the characteristic impedance (ρc) andû the acoustic velocity in frequency domain. The subscripts d and u refer to locations upstream and downstream of the element. The idea is now to obtain the four frequency dependent elements of the transfer matrix T by forcing the system with loudspeakers and measuring the response with microphones. In order to solve for the transfer matrix T , the acoustic pressure and velocity at both sides of the acoustic elements need to be measured. However, because Eq. 4 provides two equations in four unknowns, at least two independent test states are required. These test states are generated by forcing upstream and downstream of the element consecutively and measuring the response to the loudspeakers. Denoting the response to upstream and downstream excitation respectively by the superscripts A and B, the transfer matrix is obtained as:
A problem of practical concern is that it is very difficult to measure the acoustic velocities directly. This problem has been overcome by using the so-called Multi Microphone Method. It consists of measuring the acoustic pressure at more than one location and calculating the acoustic velocity by making use of the wave equation. The solution of the one dimensional wave equation in presence of mean flow is given byp(ω,
x 1−M , in which the Riemann invariantsf (ω) andĝ(ω) are integration constants whose values depend on the initial conditions and boundary conditions. Physically, the Riemann invariants can be seen as waves traveling in upstream and downstream direction. The acoustic velocity is related to the Riemann invariants by:û(ω,
The acoustic pressure measured by N microphones in a straight duct at positions x n can thus be expressed as:
in which the following notation is used z n ≡ e −i ωx n c . The Riemann invariants can be calculated from the measured microphone signals by solving Eq. 6, provided that at least two microphones have been used. The solution in the least squares sense is given by:
in which
T is the Moore-Penrose pseudo inverse of Z. Oncef (ω) andĝ(ω) are known, the acoustic pressure at a certain reference position x = 0 in the straight duct can be obtained by:p(x = 0) =f +ĝ. The acoustic velocity at that position is then given bŷ u(x = 0) =f −ĝ. Using matrix notation, this can conveniently be expressed as:
Applying the operation of Eq. 8 to both the microphones upstream and downstream of the element yields the desired matrices with acoustic pressures and velocities required to solve Eq. 5 for T . An important aspect of practical concern is that the microphones do not only measure the response to the loudspeakers but will also measure considerable levels of background noise and turbulence. It is important that the stochastic contributions in the method outlined above are minimized. This is done by using a pure tone forcing signal for the loudspeakers. The discrete Fourier transform of the microphone signals is then evaluated exactly at this (discrete) forcing frequency ω f :
It can be demonstrated that the stochastic contribution tô p(ω f ) decreases with the square root of K for given sampling frequency. Thus, the stochastic contributions can be reduced to arbitrary small values by measuring long enough time.
Flame Transfer Matrix
In order to measure a transfer matrix, arrays of microphones have to be placed at both sides of the element. Since a flame is always stabilized by some kind of flame holder (the "burner") it is not possible to measure a flame transfer matrix directly. However, the transfer matrix of the combined burner and flame element (BF ) can be measured, along with the transfer matrix of the burner (B) only (in absence of combustion). The desired flame transfer function (F ) can then easily be obtained by:
The underlying assumption is that the transfer matrix (B) does not change due to the combustion process.
FLAME MODEL
In this work, lean premixed turbulent combustion is considered. The observed sensitivity of the heat release fluctuations to equivalence ratio fluctuations in the lean regime [11] indicates that in lean premixed gas turbines, fuel concentration fluctuations cause a strong feedback mechanism. Several models to simulate the coupling between heat release and fuel concentration fluctuations have been proposed based on the time-lag approach in which fuel concentration fluctuations are caused by acoustic fluctuations at the fuel injector location. The fuel concentration fluctuations are then convected to the flame, the convective time lag (i.e. the time between injection and combustion of a fuel particle) depending on the fluid dynamic field between injector and flame [12, 13] . Analytical models have been proposed to account for the flame shape effect on the time-lag distribution in the frequency domain [14] .
Besides fuel concentration fluctuations, perturbations of flame shape and hence flame area may cause heat release fluctuations. Fleifil et. al. [15] derived a linearized model of the flame front dynamics. Dowling [16] used a non-linear model based on the same principle that demonstrated to be in good agreement with experimental data. A non-dimensional frequency has been introduced that characterizes these dynamics. The dynamics of the flame front will be of strong influence for low values of this frequency.
In this work, the area and shape of the flame front is assumed to be constant with respect to time. This is in line with the result of Dowling because the dynamics will have no appreciable influence in the (non dimensional) frequency range of interest. This assumption is supported by pictures of the OH radiation of the flame. Because the OH-chemiluminescence is a measure of the instantaneous heat release, the pictures give information about the heat release dependence on space and time. The (false color) plot in Fig. 4 shows how the heat release is distributed. By forcing the combustion air with loudspeakers and using the forcing signal as a trigger signal for the camera, phaselocked images of the flame are obtained. Comparison of the pictures taken at different phase-angles indicated that the axial flame position of the flame varies sinusoidally with time. In Fig. 4 the axial "center of gravity" of the flame is plotted in its rightmost and leftmost positions. The "center of gravity" is defined as g(y) = • phase angle, right curve; center of gravity line at +90
• phase angle.
be resolved for. Nevertheless, the data indicates that large scale transversal motion of the flame can be excluded. For this flame visualization, the acoustic boundary has been chosen to be almost fully reflecting. In order to ensure constant phase behavior, the system was strongly excited with the loudspeakers at a frequency close to a resonance frequency of the system. Therefore, very high amplitude oscillations were generated. Under such circumstances the flame may demonstrate non-linear (saturating) effects. These effect will not be modeled or discussed here. The geometrical extend of the combustion zone is small compared to the wavelength. Thus, perturbation of the flame front due a spatial dependence of the acoustic field in the flame region as described e.g. by [17] can be excluded.
Heat release fluctuations related to flame speed fluctuations are included in this work. Here it has been assumed that the flame speed fluctuations are caused by periodic variations of the turbulence intensity. It is based on the well-known mechanism that acoustic energy is converted into turbulence near an area discontinuity [18] . On the other hand, it is based on the mechanism that the turbulent flame speed is to leading order proportional to turbulence intensity [19] .
Jump Conditions
Because of the compactness assumption, the flame front can be treated as a discontinuity propagating in a reactive medium. The jump conditions for such a discontinuity are given by:
where e denotes the internal energy, R the gas constant, T temperature and ρ density. The notation || · || 2 1 denotes a jump from 1 to 2. Note that S f represent the motion of the discontinuity with respect to the incoming fluid and S represents the motion with respect to fixed coordinates. The heat release is proportional to the amount of fuel entering the flame front and is expressed as:
where S f is the burning velocity, y f the mass fraction of fuel in the mixture, and h f the reaction enthalpy of the fuel. Combining Eqs 11. and Eq. 12. yields after linearization, assuming low Mach number and assuming equal gas constants on both sides of the flame the relations for the fluctuating quantities: velocity
pressure
entropy
Note that the mean value of the interface velocity (S) equals zero. The relations for the jump conditions derived above are static, i.e., they do not contain time delays nor time derivatives. This originates from the compactness assumption. In order to write the relations in close form, the fuel mass fraction fluctuations y f and flame speed fluctuations S f need to be expressed in terms of the acoustic quantities. As will be shown here, these relations are dynamic.
Equivalence Ratio Fluctuations
A simplified representation of the combustion system is given in Fig. 5 . The fuel concentration at the injector position is given by: y f,i = be caused by air fluctuations or fuel supply fluctuations:
where the condition m a m f has been used. Because the injected mass flow of fuel is proportional to the pressure difference across the injector (p i ), it is easily seen that this contribution may be neglected if p i /p i 1. For the combustion systems considered in this work, this approximation is valid. However, this is not true for any kind of combustion system, as has been demonstrated by Richards et. al. [20] , where the fuel system impedance is explicitly modeled.
The equivalence ratio fluctuations at the injector position will be convected to the flame by the mean flow. According to the time-lag model [21] , the fuel concentration fluctuations just upstream of the flame at time t are equal to those at the fuel injectors at time t − τ , where τ is the time necessary to convect the equivalence ratio fluctuations to the flame front. It reads
This representation is correct if:
1. fuel injection takes place at one axial position 2. combustion takes place at on axial position 3. there is no dispersion
As pointed out in [22] , for practical combustion systems these assumptions will generally not hold. Although the axial extent of the flame may be considered to be thin with respect to the acoustic wave length (2πc/ω), it will generally not be thin with respect to the wavelengths of the equivalence-ratio waves (2πū/ω). To include the effect of distributed fuel injection, flame shape and diffusion, a model with distributed time delays has been utilized. The value of the time lag is a function of the position on the flame surface. Because the heat release zone is compact with respect to the acoustic wavelength, the "effective" equivalence ratio may be obtained by averaging the time delays associated with each position on the flame surface:
in which S denotes the flame surface. The dependence of τ (x) can be obtained analytically for simple flames [23, 24] . For practical flames the probability density function of the time delays can be obtained numerically [13] or from experiments. The probability density represents the distribution of the time delays. It can equivalently be seen as the response of the equivalence ratio at the flame location to an impulse disturbance at the injection location. With the probability density function ξ(τ ), Eq. 19 can be written as:
or, in the frequency domain as:
where the a hat denotes the Laplace transform of a fluctuating quantity. Note that the integral in Eq. 20 is a convolution integral and the integral in Eq. 21 is the Fourier transform (with reversed sign convention). Equation 21 can thus be written as:
in which F * {} denotes the complex conjugate of the Fourier transform. The complex conjugate has to be taken because of the sign of ω. If a Gaussian distribution of the time delays is assumed (as suggested by Polifke [25] ):
, withτ the mean value, and σ φ the standard deviation of the time delays, then Eq. 22
From this representation it is seen that for high frequencies or for large values of σ φ , the equivalence ratio fluctuations at the flame front decay to zero. In fact, e −iωτ φ e
is a low pass filter. Note that the normal distribution has the unique property that the absolute value of the Fourier transform of the normal distribution is again a normal distribution. The variance of the function in frequency domain having reciprocal dependence on the original variance.
Flame Speed Fluctuations
In order to close the relation for the velocity jump condition, a relation for the flame speed fluctuation in Eq. 13 is needed. In turbulent premixed combustion at sufficiently high Reynolds number, the turbulent flame speed may be considered proportional to the turbulence intensity. It will be shown here that a periodic acoustic perturbation will cause a periodical variation of the turbulence intensity, which results in a periodic variation of the turbulent flame speed. The mechanism that causes the coupling between the acoustic field and the turbulence field is very complex and can only be studied in detail by using expensive nonsteady numeric simulations. However, the global effect of this mechanism on the acoustic field can be modeled using some experimental input. Consider the burner without combustion but with mean flow. It is well known that part of the energy of the flow is converted into turbulent kinetic energy. After sufficient time the turbulence will be dissipated and converted into heat. This is an irreversible process and therefore considered as a loss. This can be expressed by the unsteady Bernoulli equation:
where ϕ represent the velocity potential. The loss term ζ is introduced here. The value of ζ is generally determined experimentally for a given geometry by measurement of the steady velocity and static pressure difference. This relation characterizes the acoustic properties of the flame without combustion. An acoustic model, the so-called L−ζ model, has been based on this relation and proved to give excellent agreement with measured transfer functions [21] . The energy converted into turbulence is given by − 2 . Thus the turbulent intensity (ũ(t)) is proportional to the velocity u(t). The turbulence intensity is the expected value of the standard deviation of the velocity. Note that the turbulence intensity decays very rapidly with time (or distance) because of viscous dissipation. An acoustic perturbation of the velocity (u i (t)) at the burner exit will thus cause an acoustic perturbation of the turbulence intensity (ũ i (t)). This mechanism is independent of frequency for low frequencies and low Mach numbers.
Howe [18] studied this mechanism on high Reynolds number flow through a circular aperture in a thin rigid plate. He demonstrated that, indeed, the absorbed sound energy is transformed into fluctuating vorticity that is shed from the rim of the aperture. Although the geometry of an industrial burner is far more complex than the thin orifice plate in Howe's theory, it will be demonstrated here that the mechanism of generation of turbulent energy due to vortex shedding is the same. In order to make the relation to Howe's work more clear, it is convenient to linearize Eq. 24 and to relate both velocities to the average velocitȳ u b in the exit of the burner nozzle:
in which the equivalent length L b is a measure for the potential drop over the burner and ζ b is the loss coefficient expressed in terms of the burner exit velocity. Howe uses a similar expression in term of the "Rayleigh conductivity" (K) for a thin orifice plate:
where A is the cross sectional area of the aperture. Thus, Rayliegh's conductivity is related to the loss term (ζ) and the equivalent length (L) by:
The Rayleigh conductivity is a function of the Strouhal number it is derived analytically in Howe's work and is given by:
, where the values of γ and σ depend on the Strouhal number. Using this expression, it is seen that the loss term can be expressed as: ζ = π 2 { Sr γ−iδ }. It might be surprising that in Howe's work the loss term is a function of frequency whereas in our work it is assumed to be constant. However, evaluation of ζ reveals that this is a function with value ζ = 2 for Sr = 0 that decreases monotonically and asymptotically to a value of ζ = π/2 for Sr = ∞. Thus the loss term only has a very weak dependence on Strouhal number and can be assumed to be constant in the frequency range of our interest.
According to Howe's theory, the amount of acoustic energy converted into turbulence (averaged over one cycle of oscillation)is given by:
This result demonstrates that the mechanism of conversion of acoustic energy into turbulence only has a very weak dependence on Strouhal number. The turbulence intensity fluctuations will convect with the mean flow velocity from the point of generation to the flame front. The time lag associated with this transport of turbulence is denoted τ t . If it is assumed that the turbulent intensity perturbations decay at the same rate as the mean turbulence intensity, then the following relations are found for the turbulence intensity at the flame front:
Because the turbulent flame speed fluctuations are assumed to be proportional to the turbulence intensity fluctuation, the following relation holds:
For the same reason as discussed in the previous section, it is not realistic to consider a constant time delay (τ t ) and that is why a distribution of delays will be used. Using a Gaussian distribution of time delays with meanτ t and standard deviation σ t , the following relation for the flame speed fluctuations is found:
Note that although this model does not describe the detailed (generally very complex) mechanism of interaction between the acoustic vorticity field, it nevertheless describes the global effect of this very difficult mechanism on the heat release in the flame.
Closure
Combining the relation for the jump condition over the flame Eq. 13. with the relation for the equivalence ratio fluctuations Eq. 23. and with the relation for the flame speed fluctuations Eq. 31 yields the model for the premix transfer function:
where, for simplicity of notation it is assumed that γ 1 = γ 2 andp/p û/ū. The values of mean and standard deviation of the time delays need to be determined using numerical or experimental methods. The approach used in this work is to obtain the values of these parameters by curve fitting to experimentally obtained transfer functions.
The model for the pre-premix transfer function is the same, but now without the effect of the equivalence ratio fluctuations:
The influence of turbulence intensity fluctuations and of the heat release are both modeled as a distributed timelag model. However, note that the both parts have an opposite sign. This means that in the very low frequency range, both effects cancel each other.
RESULTS
The experimental techniques and analytic models that have been discussed in the previous sections have been applied to a full scale gas turbine burner. The results are compared and presented here.
Transfer matrices have been measured on the same burner without combustion, with combustion, as well as in premix mode and pre-premix mode. The absolute values of the four matrix elements of the burner and flame have been compared in Fig. 6 . In the same figure the transfer matrix elements of the flame only are plotted (obtained using Eq. 6). This plot shows that the T 11 matrix element of the flame is nearly constant, which corresponds to the theory outlined previously. The T 12 and T 21 element are very small which is also in agreement with the theory. The T 22 matrix element that relates the acoustic velocities across the flame is clearly different in pre-mix operation then in pre-premix operation. The other matrix elements are nearly equal in premix or pre-premix operation. Because the T 22 element is most important in the thermoacoustic interaction, this element will be compared with the derived models. In Fig. 7 same plot Eq. 33 has been plotted. The values of τ phi , σ φ , τ t and σ t have been fitted to the experimental data. a negative sign. This has been done to reflect the negative interaction of the heat release associated with this process. In order to validate the obtained fuel concentration time delays, the results of the laser absorption measurement technique and the photo multiplier have been used. In Fig. 10 In the same plot the same phase relation based on the fitted model is shown, which is simply: −ωτ f . Where τ f has been obtained by fitting to the transfer matrix measurement. Note that only the mean value of the delay term in Eq. 21 contributes to the phase, the standard deviation of the time delay only contributes to the absolute value. The comparison makes it clear that the fitted time delay is very close to the more directly measured time delay. Note that care has to be taken with the interpretation of Fig. 10 , as only the contribution of the heat release due to equivalence ratio fluctuation is considered. It has been discussed before that part of the heat release fluctuation is due to flame speed fluctuation. However, it has been discussed before that the effect of the equivalence ratio fluctuations on chemiluminescence intensity was expected to be over-predicted. This explains the good match between the measured phase relation between equivalence ratio fluctuation and chemiluminescence intensity. 
CONCLUSIONS
A combined experimental and theoretical analysis of the thermoacoustic aspects of a full-scale swirl-stabilized premix gas turbine burner is presented. This analysis demonstrates that equivalence ratio fluctuations have a strong influence on the thermoacoustic interaction mechanism. However, experiments where equivalence ratio fluctuations have been eliminated by pre-premixing indicate that the equivalence ratio fluctuations mechanism is not the only mechanism that may cause high amplitude pulsations. A novel mechanism for this phenomenon is proposed and modeled in this work. The resulting flame transfer functions shows very good agreement with the measured flame transfer function in pre-premixing mode. The model for the premixing case includes both the effects of equivalence ratio fluctuations and of turbulence intensity fluctuations. The phase relation between heat release and equivalence ratio fluctuations of the fitted model is in very good agreement with the experimentally obtained phase relation. This demonstrates that the model captures the essential thermoacoustic interaction mechanisms.
